Thermodynamic information on the equilibrium between dissolved Cr and O in steel melt is the basic knowledge to control Cr content in the stainless steel. The case of using alumina refractories is considered in the present work. Molten Fe-Cr alloy equilibrated with Cr2O3-Al2O3 solid solution when Cr content of the alloy was high and equilibrated with FetO·(Cr, Al)2O3 solid solution when Cr content of the alloy was low. The equilibrium oxygen contents in Fe-Cr alloy at given Cr contents using Al2O3 crucible in the present work were lower than those using Cr2O3 crucible reported previously. It was found that oxide in equilibrium with Fe-Cr alloy will control and affect the O content when Al content is low.
Introduction
Various elements are added to steel in order to achieve the desired physical, mechanical and chemical properties of final products. The stainless steel is the most typical and valuable high alloyed steel. In the refining process of crude stainless steel, oxidation loss of Cr, which is the major alloying element for the stainless steel, could easily occur from metal to slag due to its less-noble nature. It is very important to improve the yield of Cr during stainless steel manufacturing, since Cr is comparatively expensive material.
Thermodynamic information on the equilibrium between dissolved Cr and O in steel melt is the basic knowledge to control Cr content in the stainless steel production process. Due to such background, one of the authors have reported the thermodynamic study in Fe-Cr-O system and clarified the relation of Cr and O contents on the conditions of Cr oxides equilibria. 1, 2) It was found that chromium oxide phases that equilibrated with molten Fe-Cr alloy changed with Cr content. The critical Cr content in Fe-Cr alloy was approximately 7 mass% at 1 873 K. The oxide in equilibrium was Cr 2 O 3 when the Cr content was higher than this critical content and it changed to FeO·Cr 2 O 3 when Cr content was lower than the critical value. It was found that the oxide in contact did strongly affect the equilibrium oxygen content in Fe-Cr alloy. Therefore, reaction between Fe-Cr alloy and refractories should be taken into account to control the impurity elements. 
Experimental Procedures
Measurement was performed with an induction furnace 10 kVA described elsewhere. 3, 4) The apparatus consisted of a working quartz tube, gas purification trains and gas flow meters. The melt temperature was measured with an optical pyrometer calibrated with the melting points of Fe and Ni. Electrolytic Fe and Cr weighing approximately 100 g were placed in an Al 2 O 3 crucible, 25 mm in ID and 50 mm in depth, which was put in an outer protective Al 2 O 3 crucible, and the space between the two was filled with Al 2 O 3 sand. After completion of the working tube assembly, the metal was melted in a purified Ar stream at 100 ml/min. After the sample was held at 1 873 K for 180 min, which was predetermined period for equilibrium attainment, approximately 6 g of metal sample was sucked using quartz tube and then the furnace power was switched off and the molten metal was quenched.
The sample was cut, polished by abrasive paper and ultrasonically cleaned in acetone and subjected to oxygen analysis by an inert gas fusion infrared absorptionmetry. Contents of Cr and Al were analyzed by an induction coupled plasma atomic emission spectrometry(ICP-AES). The interface between quenched metal and Al 2 O 3 crucible was observed by SEM. Also, oxide composition in the vicinity of the interface was analyzed by EPMA. Standard samples of FetO(Fe satd.), Cr2O3 and Al2O3 were utilized for quantitative analysis. Due to lack of accuracy of oxygen analysis by EPMA, only Fe, Cr and Al contents were determined.
Experimental Results and Discussion
Experimental results are shown in Table 1 and Fig. 1 with the equilibrium relation between Cr and O in molten Fe-Cr alloy using Cr2O3 crucible.
1) The Al content in sample could not be determined due to analytical limit. EPMA images of Al2O3 crucible in the vicinity of the metal/crucible interface are shown in Figs. 2 and 3 . Crucible is shown on the righthand side and resin is shown on the left-hand side. Resin filled the space between metal and crucible generated during sample quenching. The EPMA mapping image for Heat No. 22(Fe-11.1%Cr alloy) is shown in Fig. 2 . Diffusion of Cr oxide into Al2O3 crucible was clearly observed while diffusion of Fe oxide was limited. It was confirmed that Cr2O3-Al2O3 solid solution was formed at the metal/crucible interface during the experiment. The EPMA mapping image for Heat No. 5(Fe-0.846%Cr alloy) is shown in Fig. 3 . Diffusion of Cr and Fe oxides into Al2O3 crucible was observed and it was confirmed that FetO·(Cr, Al)2O3 solid solution was formed at the metal/crucible interface. Also, it was observed that Cr diffused into Al2O3 to form Cr2O3-Al2O3 solid solution in the inner part of the crucible. The interface oxide in equilibrium locally with Fe-Cr alloy was FetO·(Cr, Al)2O3 solid solution when Cr content was lower than 3.2 mass% and that was Cr2O3-Al2O3 solid solution when Cr content was higher than 4.4 mass%.
Degree of freedom in the present case is 2 under constant temperature and pressure. Hence, Al and Cr content in alloy and oxide in equilibrium will control the O content in the alloy. In the present work, Al was not added in the system, hence, Al content in alloy after experiment was low. Since Al content in metal was low, we will consider the O content by reaction between Cr2O3 or FetO·Cr2O3 and Fe-Cr alloy.
The following reaction will be in equilibrium in the present study when Cr content is relatively high. Here, and R are the Gibbs free energy change of Eq. (10) and gas constant, respectively. The relation between Cr and O in Fe-Cr alloy in equilibrium with FeO·Cr2O3 in FeO·Cr2O3-FeO·Al2O3 solid solution can be obtained by substituting in the solid solution for unity and utilizing the Fe activity reported by Anderson. 8) The relation between Cr and O contents in molten Fe-Cr alloy equilibrated with either Cr2O3 or FeO·Cr2O3 in the solid solution at 1 873 K is shown in Fig. 1 , where the present result using Al2O3 crucible is shown with the previous work using Cr2O3 crucible. It can be clearly observed that O content obtained in the present work is lower than the previous work at the same Cr content in molten Fe-Cr alloy. This is due to the fact that Fe-Cr alloy was in equilibrium locally with not pure Cr2O3 or FeO·Cr2O3 but Cr2O3-Al2O3 or FetO·(Cr, Al)2O3 solid solution when Al2O3 crucible was utilized. The activities of constituents for Cr2O3-Al2O3 and FetO·(Cr, Al)2O3 solid solution are shown in Figs. 4 and 5.
9,10) The activity of Cr2O3 or FetO·Cr2O3 decreases with increase of Al2O3 or FetO·Al2O3 content in the solid solution and consequently the equilibrium oxygen content decreases.
The composition of the solid solution that equilibrates with molten Fe-Cr alloy was determined from EPMA analysis assuming the local equilibrium at the metal/oxide interface. The relation between composition of solid solution and Cr content in metal is shown in Figs. 6 and 7 . It should be noticed that these relations are only valid in the present work and it will change with change of Al content. It can be seen that dissolution of Cr2O3 or FeO·Cr2O3 into their solid solution increases with increase of Cr content in FeCr alloy. Curves in Figs. 6 and 7 were combined with the reported activity curves of Cr2O3-Al2O3 solid solution 9) and FeO·(Cr, Al)2O3 solid solution 10) in Figs. 4 and 5 to obtain the Cr2O3 or FeO·Cr2O3 activity at the metal/oxide interface. The activity of constituents for FetO·(Cr, Fe)2O3 solid solution 10) was reported at 1 373 K, hence, the value was converted to 1 873 K assuming that RT ln γ is constant. Here, γ is the Raoultian activity coefficient. The equilibrium relation between Cr and O in Fe-Cr alloy determined from the activity estimated from solid solution composition are shown in Figs. 8 and 9 . Excellent agreement was observed on the results in high Cr alloy experiments as shown in Fig.  8 and this indicates that Cr2O3 activity changes with changing composition of solid solution at the metal/oxide interface. However, oxygen content was lower than the calculated curve for low Cr alloy experiments as shown in Fig. 9 . This is due to the deviation from stoichiometric composition of the solid solution FeO·(Cr, Al)2O3 as shown in Fig. 10 .
In the previous study, it was found that the composition and activity of FeO·Cr2O3 changed with Cr content in Fe-Cr metal.
2) It can be seen in Fig. 1 that the previous results 1) deviates downwards from the curve calculated with = 1 and this is due to decrease of activity by change of solid solution composition from stoichiometric state of FeO·Cr2O3. Hence, it is considered that the activity of FeO·Cr2O3 in the present work was much lower than the curve shown in Fig. 5 .
It was found that in low Cr samples FetO·(Cr, Fe)2O3 solid solution coexisted with Cr2O3-Al2O3 solid solution in the 11) The reason for the discrepancy is unknown. However, this may be due to the difference of oxygen potential and temperature. The information of the FeO·Cr2O3 activity in non-stoichiometric FetO·(Cr, Fe)2O3 solid solution is required to express the equilibrium relation between Cr and O for low Cr alloy in Al2O3 crucible refractory and this information will be reported in the subsequent paper. The phase relation among Fe-Cr alloy and various kinds of Cr2O3 or Al2O3 refractories is shown in Fig. 13 . It should be emphasized that present result may change with Al con- tent and oxide in equilibrium. However, it is clear that when Al content is low, oxide in equilibrium with Fe-Cr alloy will control and affect the O content.
Conclusions
Relation between Cr and O in Fe-Cr alloy that equilibrates with either Cr2O3-Al2O3 or FetO·(Cr, Fe)2O3 solid solution was experimentally determined using Al2O3 crucible at 1 873 K. Molten Fe-Cr alloy equilibrated with Cr2O3-Al2O3 solid solution when Cr content of the alloy was high and equilibrated with FetO·(Cr, Fe)2O3 solid solution when Cr content of the alloy was low. Also, the phase relation between Fe-Cr alloy and Cr2O3-Al2O3 or FetO·(Cr, Fe)2O3 solid solution was clarified. The activity of Cr2O3 and FeO·Cr2O3 changed with composition change of solid solution and the equilibrium oxygen content was lower than the case of Cr2O3 or FeO·Cr2O3 equilibrium. Equilibrium relation between Cr and O calculated from Cr2O3 activity of Cr2O3-Al2O3 at metal/crucible interface agreed with the experimental results for high Cr alloy. The information of the FeO·Cr2O3 activity in non-stoichiometric FetO·(Cr, Fe)2O3 solid solution is required to express numerically the equilibrium relation between Cr and O for low Cr alloy in the future.
